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Abstract 
Potential evaporation (ETp) is influenced by meteorological variables such as net radiation, wind speed, relative 
humidity and air temperature. Therefore, changes in ETp directly reflect climate change and can be used to diagnose 
the water requirement of different regions. This study addresses the contribution of select meteorological variables to 
changes in ETp in Haihe River Basin in China from 1959 to 2008 by sensitive analysis, attribution analysis and 
relative changes method. The results show that: (i) The ETp presented positive and negative trends during 1959-1998 
and 1999-2008, respectively, which resulted in a slightly overall decreasing trend from 1959-2008; (ii) The sensitivity 
coefficients estimated using sensitive analysis presented clear spatial differences for each variable with the ETp being 
most sensitive to relative humidity, followed by net radiation, air temperature and wind speed; (iii) By the relative 
changes method, the ETp, was most sensitive to net radiation, followed by relative humidity, air temperature and wind 
speed; (iv) Interestingly, the attribution analysis of changes of ETp showed that air temperature, wind speed, relative 
humidity and net radiation affected ETp in decreasing order of magnitude from 1959-1998 whereas from 1999-2008, 
relative humidity, air temperature, wind speed and net radiation affected ETp in decreasing order of magnitude. This 
differential contribution of the variables to changes in ETp over time could explain the slightly decreasing trend in 
ETp from 1959-2008. Furthermore, this indicates that attribution analysis can draw a clear picture of how climate 
change impacts changes in ETp. This may provide insights into water resources management in the non-humid region, 
the Haihe River basin, China. 
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1. Introduction 
Availability of energy and water are the primary factors that determine hydrological processes such as 
the partition of annual precipitation into evaporation and runoff in a given river basin,[1-2]. Potential 
evaporation, ETp,  is the maximum possible evaporation rate, which has been widely formulated using 
meteorological variables such as net radiation, wind speed, relative humidity and air temperature [3]. In 
recent years, decreasing trends in ETp have been reported in several regions of the world in spite of 
increasing air temperature; this has been called the “evaporation paradox” [5]. Researchers describe this 
phenomenon in several ways: complementary relationship between the actual evaporation and ETp [6,7], 
reduction in irradiance due to increase in cloud coverage and aerosol concentrations [5], decreasing levels 
of wind speed [8,9,10], etc. In turn, changes of ETp resulting from climate change can greatly influence 
hydrological parameters such as soil water content, actual evaporation and runoff [2-4]. Therefore, 
exploring the impacts of climate changes on ETp will provide insights into novel water management 
practices.  
  The objectives of this research are to: (i) calculate ETp and explore its changes in the Haihe river 
basin from 1959-2008, (ii) analyze the response of ETp to select meteorological variables, (iii) identify the 
attribution of different meteorological variables to ETp, and (iv) explore the changes in ETp under 
different climate scenarios. Because the Penman and Penman-Monteith equations are physically derived 
and incorporate all the driving meteorological variables, they have been validated as the most suitable to 
estimate ETp [4]. The results described here were obtained using these equations. 
2. Study site and method  
2.1. Study site  
 
Figure 1. Location of the Haihe River Basin in China. The meteorological stations used in the study are denoted by (●).  
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The Haihe River Basin has two major rivers, the Haihe and Luanhe (including their tributaries), 
draining an area of 3.18×105 km2 (Fig. 1) [11]. Mountainous regions cover an area of 1.89 ×105 km2 and 
the rest is flood plain, which directly supports a population of 120 million people. The Haihe River Basin 
produces about 10% of China’s total grain output and is the center of many industrial and human 
activities [12]. Influenced by climate change and human activities, the Haihe River basin faces an ever-
increasing and acute water shortage. Natural runoff in the catchment is 37.2 billion m3 whereas annual 
per-capita water availability is only 305 m3 [11], drastically below the recognized standard of 1000 
m3/capita/year for water-poor regions [13]. Furthermore, the construction of dams and reservoirs in the 
upstream regions of the river has resulted in a decline in water levels and deterioration of ecosystem in 
Baiyangdian Lake in the Haihe River basin [14]. In order to maintain the health of the ecosystem and the 
agricultural system, several policies have been formulated, for example, saving water policy, protecting 
water resources policy and south to north water transfer project [12]. Furthermore, in order to restore the 
degraded ecosystem of Baiyangdian Lake, large amonts of water (a rotal of 6.83 ×108 m3 released over 16 
times from upstream reservoirs) were allocated to the lake by the local government from 1992 to 2005 
[14]. This resulted in… 
2.2. Method  
2.2.1. The Penman equation 
In this study, monthly ETp was calculated using the Penman equation with monthly data of wind speed, 
sunshine hours, relative humidity, and average air temperature obtained from the National Meteorological 
Information Center, China Meteorological Administration [3, 15]. The Penman equation has been used to 
optimally capture the dynamics in evaporative demand for a given land surface and climatic change and is 
shown below [4]:  
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where ETp is the potential evaporation (mm day-1); ETpR and ETpA represent the radiative and 
aerodynamic components of the Penman equation, respectively; Rn is the daily net radiation (mm day-1); 
Δ is the slope of the saturation vapour pressure curve (Pa K1); γ is the psychrometric constant (Pa K-1); D 
is the vapour pressure deficit (Pa); u2 is the daily average wind speed at 2 m height (m s-1); and  is the 
latent heat of vaporization of water (2.45 × 106 J kg-1). 
In order to obtain Rn, the Ångström-Prescott formula was used to calculate the global solar radiation 
(Rs) [16]: 
as RN
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where Ra is extra-terrestrial solar radiation (MJm-2 d-1); n is the actual sunshine hours and N is potential 
sunshine hour; and a and b are regression constants. According to Chen et al. [17], a and b were set at 
0.18 and 0.50 in the Haihe River Basin, respectively. Annual ETp was calculated by determining the total 
of the monthly data series of ETp at individual stations. 
2.2.2. Temporal trends of meteorological variables 
The linear fitted model is commonly used to measure meteorological variable trends over time [18-19], 
and is the primary statistical diagnosis tool used to forecast climate changes [20]. The level of adequacy 
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of the linear fitted model is determined by the percentage of variance. Linear trends for the series of ETp, 
Rs, wind speed, relative humidity and air temperature were calculated by the least squares regression 
method. The estimated slopes were tested against the null slope by using a two-tailed T-test at a 
confidence level of 95% [21].  
2.2.3. Relative changes of different meteorological varialbes by sensitivity analysis 
ETp is a synthetic variable, which reflects the combined effects of many climatological factors. 
Sensitivity analysis can explain the relative contribution of individual climatic variables to variations of 
ETp over time [22]. A straightforward way of sensitivity analysis is to calculate and plot the relative 
changes of an input variable against the resultant change of the output variable as a curve [22-24]. In this 
study, seven scenarios were generated for each meteorological variable using equation 3, e.g. net 
radiation increasing ±10%, ±20% and ±30%, while other variables maintain origin data series, 
respectively:  
 
X(t) = X(t) + ΔX   ΔX = 0, ±10%, ±20%, ±30% of X(t)                          (3) 
where X is the meteorological variable and t is the time in day.  
2.2.4. Attribution analysis of ETp dynamics 
According to Roderick et al. (2007) and Donohue et al. (2010) [4, 25], the attribution of 
meteorological variables to ETp can be obtained from partial derivatives and the annual average trend of 
each variable. Attribution analysis was conducted on net radiation, wind speed, relative humidity and air 
temperature, which can be expressed as: 
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where, dEp/dt is the annual average trend of ETp; dEp/drn, dEp/du, dEp/rh and dEp/dT represent the 
partial derivatives of ETp on net radiation, wind speed, relative humidity and air temperature, respectively, 
while drn/dt, du/dt, drh/dt and dT/dt represent the annual average trends of net radiation, wind speed, 
relative humidity and air temperature, respectively. 
3. Results and discussion 
3.1. Changes of ETp over time 
The temporal changes in ETp presented an overall decreasing trend with an average slope of -0.24 mm 
a-2 during 1959-2008 (Fig. 2). However, this value did not fully reflect the real situation. To do so,, the 
ETp time series was divided into two periods: 1959-1998 and 1999-2008. It was observed that the Etp 
exhibited an increasing trend from 1959-1998 with a slope of 1.01 mm a-2 while it exhibited a decreasing 
trend during 1999-2008 with a slope of -1.55 mm a-2.  
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Figure 2. Temporal trends of annual ETp during 1959-2008 in the Haihe River Basin, China 
The temporal changes of ETp during 1959-1998, 1999-2008 and 1959-2008 are displayed in Fig. 3 and 
the significant trends (P=0.05) highlighted. The results showed that: (i) During 1959-1998 (Fig. 3a), 
positive values for ETp were recorded in 68% of the weather stations (39 of 57) with an average slope of 
1.82 mm a-2. The other stations (18 of 57) presented negative values with an average slope of -0.80 mm a-
2. Statistical analysis further determined that just 30 stations presented increasing trends while only 6 
stations tabulated negative trends at the 95% confidence level. (ii) During 1999-2008 (Fig. 3b), 34 
stations recorded negative values with an average slope of -3.43 mm a-2, while the remaining 23 stations 
displayed positive values with an average slope of 2.35 mm a-2. However, only five and six stations, 
respectively, presented significant increasing and decreasing trends (P=0.05). (iii) During 1959-2008, 30 
stations recorded positive ETp values with an average slope of 1.49 mm a-2; of these, 23 stations showed 
significant increasing trends with an average slope 1.82 mm a-2 at the 95% confidence level. On the other 
hand, 27 stations recorded negative values with an average slope -2.19 mm a-2, of which 23 stations 
showed significant negative trends at the 95 % confidence level. (iv) The spatial distribution of the 
temporal trends mapped negative ETp trends to the southern region of the study area, whereas the positive 
trends mapped to the northern region of the study area.  
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Figure 3. Annual average values of ETp from 1959-1998 (a), 1999-2008 (b) and 1959-2008 (c). Values in the 95% confidence level 
were considered to be significant and are denoted by a ring encircling the datapoint.  
3.2. Sensitivity analysis of ETp  
The spatial distribution of sensitivity coefficients of ETp relative to the key meteorological variables is 
shown in Fig. 4. The results are summarized below: (i) The average value of the sensitivity coefficients 
for net radiation, wind speed, relative humidity and air temperature was 0.58, 0.24, -0.57 and 0.34, 
respectively, at the basin scale. This indicated that the ETp is most sensitive to net radiation, followed by 
relative humidity, air temperature and wind speed. (ii) With regards to net radiation alone, as shown in 
Fig. 4a, the more sensitive regions were located in the southern part of the study area and the less 
sensitive regions in the north. (ii) Influenced by the Asian monsoon, the regions where ETp was more 
sensitive to wind speed were mainly located in the eastern coast and northwestern parts of the basin (Fig. 
4b). (iii) The regions less sensitive to relative humidity were mainly located along the northeastern coast, 
while the most sensitive regions were mainly located in the upper region of the basin (Fig. 4c) (iv) The 
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sensitivity coefficients for air temperature ranged from 0.29 to 0.42 (Fig. 4d), with the most sensitive 
regions lying in the north of the basin and the less sensitive regions in the southwest.  
 
  
  
Figure 4. Spatial distribution of the sensitivity coefficients for ETp relative to key meteorological variables from 1961–2006 in the 
Haihe River Basin. (a) Net radiation Rn; (b) Wind speed; (c) Relative humidity; and (d) Air temperature. 
 
3.3. Relative changes analysis of ETp  
The changes in annual ETp relative to changes in meteorological variables are presented in Fig. 5. 
Based on the slopes of the lines, it is clear that ETp was more sensitive to net radiation and relative 
humidity, and less sensitive to air temperature and wind speed. In response to changes in net radiation 
from -30 to _30%, ETp varied from -19 to +18%, showing a direct relationship. An inverse relationship 
was observed between changes in ETp and relative humidity such that ETp increased with a decrease in 
relative humidity; for example, ETp increased by 17.43 % when relative humidity decreased by 30%. In 
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contrast, wind speed and air temperature affected ETp in a modest manner, with a slightly higher effect of 
air temperature. For instance, ETp increased by 6.68% and 9.14% with an increase of 30% in wind speed 
and air temperature, respectively, while it reduced by -6.68% and -10.18% with a decrease of 30% in 
wind speed and air temperature, respectively. In some way, ETp is less sensitive to increasing temperature 
in comparison to decreasing temperature, e.g. ETp reduces by -9.14 % when air temperature decreases by 
-30%, while it increases by 10.14% with an increase of 30% in air temperature. However, there are little 
differences in changes of ETp with the increasing or decreasing trends in other meteorological variables. 
Similar results were obtained in a study by Goyal in Rajasthan, India [24]. This suggests that changes of 
ETp may reflect the combined effects of the different meteorological variables. 
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Figure 5. Change in ETp relative to changes in individual meteorological variables. Relative changes in ETp (y-axis) were mapped 
against relative changes in air temperature ( ), wind speed ( ), relative humidity ( ) and net radiation ( ). 
3.4. Attribution analysis of ETp 
The data obtained from attribution analysis of ETp are shown in Table 1. Attribution analyses reveal 
the contribution of different factors to the trends of ETp observed over time. The results of re-attribution 
are presented here. The attribution of different variables to the changes in ETp during 1959-1998 were, in 
decreasing order of magnitude, net radiation, relative humidity, wind speed and air temperature. The 
negative value observed for air temperature indicated that this variable resulted in a decrease in ETp rate 
whereas the positive changes in other variables increased ETp rate; the resulting effect was an increase in 
ETp. This was in keeping with the trend observed in Fig. 2. In comparison, from 1998-2008, the highest 
attribution was obtained from relative humidity, followed by wind speed, air temperature and net 
radiation. The combined effect of these four meteorological variables was a negative trend in ETp. This is 
again consistent with the data shown in Fig. 2. Taken together, it can be concluded that the changes of 
ETp reflect the combined effects of different meteorological variables, which are consistent with the 
results obtained by Donohue et al. (2010) [4]. Furthermore, this indicates that while measuring the trends 
of ETp and meteorological variables in a river basin, the contribution of changes in the meteorological 
variables to changes in ETp have to be considered. In turn, this will provide critical information to 
regulate water allocation and management for the Haihe River basin. 
 
Table 1. Attribution analysis of the changes in annual ETp during different time periods (in mm a-2). 
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Period Net Radiation Wind Speed Relative Humidity Air Temperature Sum (det/drn)*(drn/dt) (det/du)*(du/dt) (det/drh)*(drh/dt) (det/dT)*(drn/dt) det/dt 
1959-1998 0.31 0.25 0.30 -0.21 0.65 
1999-2008 0.27 -0.58 -1.86 0.53 -1.64 
4. Conclusion  
This study addressed the changes of ETp in Haihe River Basin during 1959-2008 and the attribution of 
different meteorological variables to the changes of ETp. The results obtained show that changes of ETp 
were determined by a combined contribution of the different variables including net radiation, wind speed, 
relative humidity and air temperature. Some of the key findings are: 
Due to influence of net radiation, wind speed, relative humidity and air temperature, changes of 
potential evaporation showed different temporal and spatial patterns in the Haihe River basin. As 
explained by sensitivity analysis method and relative changes method, the response of potential 
evaporation demonstrates different patterns for the changes of meteorological variables, e.g. ETp were 
most sensitive to net radiation, followed by relative humidity, air temperature and wind speed in the 
annual scale. 
 Based on attribution analysis, it was determined that the changes of ETp were strongly influenced by 
the combined effects of different meteorological variables, in particular, net radiation and relative 
humidity. All of these should be helpful to understand the interaction of climate changes and hydrological 
processes, and provide suitable water management for in different region of Haihe River basin, China. 
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